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Nodal Stability Determines Signaling Range
triggers receptor-mediated endocytosis, as observedJ. Ann Le Good,1 Katherine Joubin,2,3
Antonio J. Giraldez,2,3 Nadav Ben-Haim,1,3 for TGF [8, 9]. Alternatively, Nodal may be actively
targeted for degradation by the cleaved pro domainSe´verine Beck,1 Yu Chen,2 Alexander F. Schier,2
and Daniel B. Constam1,* itself because an analogousmechanism limits the stabil-
ity of the related protein BMP4 [10, 11]. To distinguish1Swiss Institute for Experimental Cancer
Research (ISREC) between these possibilities, we expressed the N- and
C-terminal domains of Nodal as truncated proteins des-Chemin des Boveresses 155
CH-1066 Epalinges ignated Npro and Nmat, respectively (Figure S1). Irre-
spective of whether they were transfected separatelySwitzerland
2Developmental Genetics Program or together, Npro was readily secreted, whereas Nmat
accumulated mainly in cell lysates, and only traceSkirball Institute of Biomolecular Medicine
Department of Cell Biology amounts were detected in the medium (Figure S1B,
lanes 4 and 5). These results suggest that the NodalNew York University School of Medicine
New York, New York 10016 precursor is significantly stabilized by its pro domain,
whereas mature Nodal is intrinsically labile.
To directly assess whether proteolytic removal of the
prodomain acceleratesNodal turnover,weblockedSPCSummary
activities. Treatment of stable cell lines with the SPC-
specific inhibitor decanoyl-RVKR-chloromethylketoneSecreted TGF proteins of the Nodal family pattern
the vertebrate body axes and induce mesoderm and (Figure 1A, lane 3) or ablation of the SPC recognition
motif RQRR (Nr, lane 4) both resulted in a 2.5- to 3-foldendoderm [1]. Nodal proteins can act as morphogens
[2], but the mechanisms regulating their activity and net increase in both mature Nodal and precursor (Fig-
ures 1A and 1B). We conclude that SPC-mediated pro-signaling range are poorly understood. In particular,
it has been unclear how inefficient processing or rapid teolytic maturation triggers the clearance of up to 60%
of the newly secreted Nodal protein during the 24 hrturnover of the Nodal protein influences autocrine and
paracrine signaling properties [3, 4]. Here, we evaluate period monitored. This result provides additional evi-
dence that mature Nodal is inherently unstable but thatthe role of Nodal processing and stability in tissue
culture and zebrafish embryos. Removal of the pro the pro domain can act in cis to stabilize the precursor
prior to cleavage.domain potentiates autocrine signaling but reduces
Nodal stability and signaling range. Insertion of an
N-glycosylation site present in several related TGF Mature Nodal Is Internalized
proteins increases the stability of mature Nodal. The and Rapidly Degraded
stabilized form of Nodal acts at a longer range than the We next wished to address the question why mature
wild-type form. These results suggest that increased Nodal is more susceptible to degradation than unclea-
proteolytic maturation of Nodal potentiates autocrine ved precursor. Incubation of recombinant Nodal at 37C
signaling, whereas increased Nodal stability extends over a time course of 15 hr resulted in only minimal
paracrine signaling. degradation, unless untransfected cells were added
(data not shown). This result prompted us to test
Results and Discussion whether recombinant Nodal is degraded after endocyto-
sis. Upon incubation of concentrated conditioned me-
Nodal Precursor Is Stabilized by Its Pro Domain dium with untransfected 293T cells, mature Nodal accu-
Nodal proteins are synthesized as disulfide-linked pre- mulated in a time-dependent manner in cell lysates,
cursor dimers with a hydrophobic leader and a pro do- even when cells were transiently washed with an acidic
main at the N terminus. Previous studies indicated that buffer prior to analysis (Figure 1D, left panel). By con-
the Nodal pro domain is cleaved off after secretion by trast, the amounts of internalized precursor or pro do-
the subtilisin-like proprotein convertases (SPCs) Furin main fragment were below detectable levels (data not
and PACE4 [4, 5]. After cleavage, mature Nodal remains shown). Moreover, a chase analysis of cells loaded with
barely detectable, which is similar to other TGF family mature Nodal revealed that degradation was complete
members, such as Vg1 [3, 6]. The low abundance of within less than one hour and that no mature Nodal was
matureNodal ismaintained evenwhenSPCsare overex- recycled into the medium in detectable amounts (Figure
pressed or when the SPC cleavage site is mutated to 1D, right panel). This result indicates that fluid phase or
facilitate processing [3, 4, 7] (Figure S1 in the Supple- receptor-mediated uptake contributes to the clearance
mental Data available with this article online; see Nsc, of mature Nodal.
where sc denotes supercleavage). Thus, precursor
cleavage appears to accelerate Nodal turnover [4]. One
Mature Nodal Is Unstable Due to the Absencepossible explanation is that removal of the pro domain
of N-Linked Carbohydrates
Rapid turnover might be important to limit Nodal activi-*Correspondence: daniel.constam@isrec.ch
3These authors contributed equally to this work. ties in the embryo. To test this idea, wewished tomanip-
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Figure 1. The N-Terminal Pro Domain Inhib-
its Degradation and Endocytosis of the Nodal
Precursor, Whereas N-Glycosylation Can
Stabilize Mature Nodal
(A and B) Conditioned medium of HEK293T
cell lines selected for maximal expression of
wild-type Nodal (N, lanes 1–3) or the mutant,
cleavage-resistant precursor Nr (lane 4).
(A) Anti-FlagWestern blot analysis shows that
the majority of wild-type precursor (pre) is
cleaved (lane 1). However, compared to Flag-
tagged pro domain (pro), mature Nodal (mat)
(detected by anti-Nodal antibodies) only ac-
cumulates in substoichiometric amounts
(lane 2). In cells expressing wild-type Nodal,
the cleaved pro domain fragment in condi-
tioned medium reached 6- to 10-fold higher
concentrations than uncleaved precursor
(lane 1) or the mature form (lane 2, and data
not shown), indicating that mature Nodal is
more rapidly cleared than the pro fragment.
The SPC inhibitor decanoyl-RVKR-chloro-
methylketone (CMK, 50 M) blocks matura-
tion of wild-type Nodal (lane 3). In all panels,
molecular weights are indicated (kDa).
(B) Densitometric analysis shows that inhibi-
tion of SPC activity causes a 2.5-fold increase
in the total amount of precursor plus mature
Nodal. All results in panels (A)–(E) are repre-
sentative of at least three independent exper-
iments.
(C and D) Cellular uptake of wild-type Nodal
by 293T cells. Untransfected cells were incu-
bated with a concentrated mixture of wild-
type Nodal containing the mature protein to-
gether with precursor (C) and pro domain (an
additional breakdown product (27 kDa) of the
precursor is detected in small amounts after
concentration). (D) Left panels: only the ma-
ture form was internalized in detectable
amounts. A nonspecifically detected protein
was uniformly present at all time points exam-
ined, confirming equal protein loading in each lane (top panel). In a separate experiment (right panels), Nodal was preincubated with cells,
and the fate of internalized protein was followed during a chase period of 2 hr in cell lysates and conditioned medium.
(E) Anti-Nodal Western blot of secreted Nodal before and after Furin-mediated cleavage in transient transfection assays. The presence of an
N-glycosylation site in the prehelix loop in constructs N-B6.1, N-g, and Nmat-g stabilizes Nodal in the medium of both COS1 (lanes 1–6) and
293T cells (lanes 7 and 8). N-glycosylation of N-g shifts the size of mature Nodal by 6 kDa.
(F) Using an in vitro deglycosylation assay, N-g is shown to be N-glycosylated. Recombinant N-g (left panel) and wild-type Nodal (right panel)
were incubated with N-glycosidase F (N-glyc F) and neuraminidase (neuram). In the course of these studies, we observed that mature Nodal
existed in two forms. The smaller form (12 kDa) was the predominant species and migrated with an apparent molecular weight predicted for
unmodified protein. Upon treatment with neuraminidase, the two bands merged (lanes 3 and 6, compared to lanes 2, 4, and 5), indicating
that the larger form is likely to arise by sialylation of an O-linked carbohydrate.
ulate Nodal stability. A comparison of Nodal sequences due to N-glycosylation, equal amounts of recombinant
mature N-g or wild-type Nodal were treated withwith known TGF structures showed that a surface-
exposed loop proximal to the conserved -helix 3 is N-glycosidase F. As expected, the size of mature N-g
was reduced from 18 to 12 kDa (Figure 1F). These resultsvariable in length and sequence, yet fairly conserved
among Nodal proteins (Figure S1C). First, a swap of suggest that Nodal is significantly stabilized when the
C-terminal domain is N-glycosylated.the distal half of this loop with the sequence of Bmp6
comprising an N-glycosylation site markedly improved To directly assess the effect of N-glycosylation on
Nodal turnover, stably transfected 293T cell lines werethe yield of mature Nodal (N-B6.1, Figure 1E, lanes 3
and 4). Second, a different N-glycosylation site was in- metabolically labeled with 35S-methionine and cysteine.
Secretion and turnover of labeled uncleaved andmaturetroduced a few residuesupstream that closelymimicked
Xenopus Nodal proteins. The resulting protein (N-g, Nodal in conditioned medium was analyzed during a 10
hr chase period. Bothwild-type and stabilized precursorNodal-glycosylated) was similarly stabilized (Figure 1E,
lanes 5 and 6). N-glycosylation also increased the levels reached peak levels within the first 1 to 2 hr (Figures 2A
and 2B), before they were gradually converted to theof mature Nodal when added to Nmat (Nmat-g, compare
lanes 7 and 8), and it shifted the apparent molecular mature form. The levels of wild-type mature Nodal de-
clined after 6 hr. By contrast, N-glycosylated matureweight by 6 kDa. To confirm that the size is shifted
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Figure 2. N-glycosylation Increases the Half-
Life and Activity of Mature Nodal and Facili-
tates Recycling into the Culture Medium after
Cellular Uptake
(A) Chase analysis of conditioned medium
of metabolically labeled stable 293T cells
expressing wild-type Nodal. Mature Nodal
(squares) starts to accumulate at detectable
levels after the precursor (diamonds), reach-
ing a peak after 6 hr before it gradually disap-
pears (autoradiographs were scanned and
analyzed by NIH image).
(B) Likewise, the Nodal precursor with an en-
gineered N-glycosylation site also accumu-
lates significantly earlier than the mature
form. The fraction of mature Nodal compared
to total protein is plotted for each time point
(top panel).
(C) The amount of N-glycosylated mature
Nodal increases throughout the chase period
examined.
(D and E) N-glycosylation does not inhibit up-
take of exogenously added Nodal in COS1
cells (D) or 293T cell ([E], left panel). Instead,
it increases the amount of mature protein that
is recycled into the medium during a chase
period of 2 hr ([E], right panels). Similar results
were obtained in three independent experi-
ments and in COS1 cells (data not shown).
(F) N-glycosylation and supercleavage po-
tentiate Nodal activity upon transfection in
293T cells in a luciferase assay.
(G) The Nodal mature domain is constitutively active when expressed alone. As observed for Nsc, Nmat and Nmat-g induce the luciferase
reporter more potently than wild-type Nodal. Similar results were obtained in more than three independent experiments.
Nodal was produced with similar kinetics but accumu- alone (Nsc) or deletion of the pro domain (Nmat) both
potentiated Nodal activity by a factor of 4 to 5 (Figureslated steadily throughout the chase period (Figures 2B
and 2C). These findings show that N-glycosylation en- 2F, lane 3, and 2G, lanes 2 and 3). N-glycosylation also
further increased the activity of Nmat by 50% (Figure 2G,hances the stability rather than the production of mature
Nodal. lane 4). These results demonstrate that both proteolytic
processing and stability are rate-limiting for Nodal activ-To address how N-glycosylated Nodal is stabilized,
we tested whether N-glycosylation inhibits cellular up- ity in tissue culture. Contrary to previous predictions for
TGF and Activin A [12], these findings also reveal thattake. Compared to wild-type (Figure 1D), glycosylated
Nodal was sequestered with similar kinetics in both Nodal synthesized without any pro domain is highly
active.COS1 and 293T cells (Figures 2D and 2E), indicating
that endocytosis is not inhibited. Moreover, only the
mature form was internalized but not released after an
In Vivo Activity of Supercleaved
acidic wash, confirming the specificity of internalization.
and N-Glycosylated Nodal Mutants
Unlike wild-type Nodal, however, a significant amount
Misexpression studies in Xenopus and zebrafish have
of N-glycosylated protein was recycled into the medium
shown that peak levels of Nodal activate the dorsal
within a chase period of 1 to 2 hr (Figure 2E, right panel).
mesoderm marker gsc, whereas lower levels induce the
These results suggest that N-glycosylation does not re-
panmesodermal marker brachyury/ntl [1]. To assay
duce uptake, but instead leads to higher levels ofmature
Nodal activity in vivo, zebrafish embryos were injected
Nodal by limiting its intracellular degradation.
at the 1-cell stage with 1 to 30 pg of Nodal mRNA fol-
lowed by in situ hybridization to monitor the extent of
ectopic induction of gsc. Under these conditions, NodalEnhanced Cleavage and N-Glycosylation
Potentiate Nodal Activity In Vitro activity reflects both cell-autonomous and nonautono-
mous signaling because most or all cells inherit the in-To determine whether cleavage or turnover are rate-
limiting for activity, Nodal derivatives were tested in a jected Nodal mRNA. In uninjected control embryos, gsc
is expressed in the dorsal marginal zone, but increasingluciferase reporter assay. Compared to the wild-type
protein, N-glycosylated Nodal induced 4- to 7-fold doses of Nodal mRNA gradually extend the expression
domain toward the ventral side [13]. Five pg of wild-higher levels of luciferase expression (Figure 2F). The
combination of supercleavage and N-glycosylation had typeNodalmRNAwas sufficient in amajority of embryos
to strongly upregulate gsc (grade III, Figure S2 and Tablean additive effect resulting in up to 10-fold higher induc-
tion of the luciferase reporter compared to wild-type 1), whereas SPC-resistant Nodal (Nr) was inactive (data
not shown). Neither N-glycosylation (N-g) nor the super-Nodal (Figure 2F, lane 4). Moreover, supercleavage
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ligand is normally unstable and only acts at short range.Table 1. Deletion of the Pro Domain Increases the Potency
of Nodal to Ectopically Induce gsc Most strikingly, deletion of theprodomain rendersNodal
constitutively active, but decreases its signaling range.pg n I II III IV
This raises the possibility that paracrine effects rely in
Wild-Type 1 16 69 31 part on themovement of a relatively stableNodal precur-
Nmat 1 21 71 29
sor to distant cells before it is converted to the moreNmat-g 1 35 25 75
labile, mature form. This model is supported by the ob-
Wild-Type 5 15 27 33 40 servation that the Nodal precursor is stabilized by its
Nmat 5 19 21 79 pro domain in tissue culture. It also resolves the paradox
Nmat-g 5 34 20 80
that the SPCs Furin and PACE4 are required for Nodal
Wild-Type 10 15 7 47 46 processing ([5] and Figures 2A and 2B), yet removal of
Nmat 10 14 100 either one of these enzymes in the mouse causes weak
Nmat-g 10 31 7 93
ectopic Nodal signaling [14, 15]. These seemingly con-
Wild-Type 20 19 49 51 tradictory findingsmay point to a dual role of processing
Nmat 20 14 100 in locally stimulating Nodal activity and at the same time
Nmat-g 20 18 100
reducing stability and long-range signaling.
Zebrafish embryos injected with Nodal mRNA at the 1-cell stage Our results suggest that Nodal stability is the major
were classified into 4 categories based on the expression pattern determinant of its signaling range. In particular, stabiliza-
of gsc (Figure S2). tion of Nodal by addition of an N-glycosylation site ex-
Class: I: identical to uninjected; II: increased mRNA levels within
tends the signaling range even after removal of the pronormal expression domain; III or IV: ectopic or ubiquitous expres-
domain. The importance of ligand stability in long-rangesion, respectively.
The amount of injected mRNA (pg), the total number of embryos signaling is consistent with studies in Drosophila that
examined (n), and the percentage of embryos in each class is indi- interferedwith the endocytic and degradativemachiner-
cated. ies to modulate ligand stability [16]. In this study, how-
ever, we mutated the signaling molecule directly to ma-
nipulate its stability. This generally applicable strategycleavage mutation (Nsc and Nsc-g) significantly altered
avoids the potential nonspecific effects caused by inter-the potency of Nodal (Figure S2), indicating that both
ference with basic cellular processes. Our pulse-chasereceptor binding and processing are unaffected. Be-
experiments suggest that N-glycosylation decreasescause the supercleavage site modeled after the SPC
the rate of Nodal turnover and therefore facilitates itsmotif of Activin had no effect, convertase activities are
recycling after endocytosis. It will be interesting todeter-likely to be limited in vivo by negative feedback mecha-
mine how glycosylation affects the recycling of othernisms. In comparison, the activity ofmatureNodal (Nmat
secreted proteins and whether the balance betweenandNmat-g) was increasedmore than 10-fold compared
degradation and recycling is a general determinant ofto wild-type Nodal (Table 1). These results suggest that
signaling range.the specific activity of Nodal in vivo is limited by the pro
domain but not by instability.
Experimental Procedures
Stabilization Increases the Range
Expression Vectorsof Nodal Signaling
Expression vectors for Dorsalin or myc-tagged murine FoxH1 wereStudies using chimeric precursors with heterologous
kindly provided by Drs Tom Jessell (Columbia University, New York,
pro domains have led to the view that both activity and NY) andMalcolmWhitman (HarvardUniversity, Boston,MA), respec-
the signaling range of Nodal are proportional to the rate tively. Nucleotides (nt) 41 to 963 of murine Cripto (Genbank NM
of proteolytic maturation [3, 6, 10]. To test this hypothe- 007685) were subcloned as an EcoR1 fragment into pCS2. The
cloning strategy for wild-type Nodal in pMT21 and the cleavagesis, RNA encoding wild-type or mutant forms of Nodal
mutant derivatives Nsc and Nr with or without a Flag epitope inwas injected into a single cell of 128-cell stage embryos
the pro domain have been described [4]. To generate a series oftogether with a lineage tracer. As a readout for paracrine
mutations in the prehelix loop of Nodal, nt 1072–1215 and nt 1243–Nodal signaling, induction of gsc and ntl was monitored
1404 (Genbank X70514) were PCR-amplified with the primer pairs
in surrounding cells. As shown in Figure 3, both wild- 5-CATCTAGAGCCAGACAGAAGC-3/5-GTACACGGTACCCGGG
type and supercleaved Nodal (Nsc) induced gsc and ntl TTAGGACACTCGCC-3 and 5-CCCGGGTACCGTGTACATCCAGA
at midrange in the periphery of the injected clone. In GCCTGCTGAAAC-3/5-TTGCTCGAGTCAGAGGCACCCACACTCC-
3 fused to each other via a Kpn I site and ligated with the remaindercontrast, the N-glycosylated forms (N-g and Nsc-g) in-
of the 5-coding sequence of construct Nsc via an Xba1 site. Theduced gsc and ntl expression significantly further away.
resulting construct contained unique Xma I and Ssp BI sites intoConversely, deletion of the pro domain (Nmat) dramati-
which we inserted linker sequences encoding the N-glycosylationcally reduced the signaling range compared towild-type
site mutations depicted in Figure 2. To combine the Xnr-like
Nodal. Signaling of mature Nodal at a distance could N-glycosylation site with the native Nodal cleavage site, nt 323–1199
be increased by introducing the N-glycosylation site of wild-type Nodal were amplified with the primers 5-GGAATTC
(Nmat-g). These results suggest that Nodal signaling at CACCATGAGTGCCCACAG-3 and 5-TGAAACGTTTCGTTAACAGG
GTTAGGACACTCGCC-3. The resulting PCR product was digesteda distance is not limited by inefficient maturation but by
with Eco RI and Hpa I and used to replace the corresponding frag-low Nodal stability.
ment in construct Nsc-g, giving rise to N-g. Construct Npro was
generated in pMT21 by subcloning the Flag-tagged Nodal pro do-
Effects of Processing and Turnover on Nodal main as a PCR product amplified with primers 5-GGAATTCCAC
Activity and Signaling Range CATGAGTGCCCACAG-3 and 5-AAACTCGAGATCTCAGCGTTGC
The results presented here suggest that precursor CTTCTGCCCC-3, the latter of which introduces a stop codon after
R243. To express mature Nodal without a pro domain (constructcleavage potentiates Nodal activity but that the mature
Regulation of Nodal Activity and Signaling Range
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Figure 3. N-Glycosylation and the Pro Domain Enhance the Range of Nodal Signaling
Single cells of 128-cell-stage embryos were injected with 25 pg Nodal mRNA together with a lineage tracer (brown) to monitor induction of
gsc and ntl (purple staining) in surrounding cells. Compared to wild-type, the range of action (arrows) of N-g and Nsc-g is markedly expanded.
Nsc behaves like wild-type, whereas construct Nmat lacking the Nodal pro domain activates gsc only in an autocrine fashion, and juxtacrine
induction of ntl is reduced. The presence of an N-glycosylation site in Nmat-g can compensate for the absence of the pro domain. All embryos
are viewed from the animal pole. The endogenous expression of gsc and ntl (asterisks) appears slightly variable only due to differences in
the focal plane and curvature of individual embryos but is unaffected by ectopic Nodal mRNA. Boxed areas in rows 1 and 3 (first column)
delineate the regions shown at higher magnification in rows 2 and 4. An individual cell stained for the lineage tracer is highlighted by a white
arrowhead.
Nmat), nt 1060–1392 were ligated as a Pst I – Eco RI fragment into form together were assigned a relative density of 1. Because we
had to ensure that these weaker signals used for normalization werepCR3 (Invitrogen), fused in frame to the sequence 5-ATGGCTAT
CATCTACCTCATCCTCCTGTTCACCGCTGTGCGGGGCGATTACA in the linear range, the pro domain (lane 1) and precursor (in lanes
3–4) may have been slightly overexposed. Even though in this case,AAGACGATGACGATAAAGGACCCGGACAGGTGCAGCTGCAG-3,
comprising a hydrophobic leader sequence and a Flag epitope. For we would even underestimate the extent to which precursor cleav-
age accelerates Nodal clearance, our conclusion would remain thetransient expression in 293T cells, the coding sequences of the
constructs in pMT21 were subcloned into pCS2 harboring a CMV same. Activity of Nodal and mutant derivatives was measured as
described [17]. Briefly, 293T cells were cotransfected with Nodal,promoter. The sequences of all PCR-derived cDNA fragments were
verified on both strands by DNA sequencing. Cripto, FoxH1, and the luciferase reporter construct ARE-lux. Lucif-
erase activity was measured 24 hr later and normalized relative to
the expression level of transfected -galactosidase.Nodal Expression and Activity in Transiently
Transfected Cells
Nodal and SPC constructs were transiently transfected into COS1
Establishment of Stable Cell Lines
or 293T cells in the presence of 4 mg/ml DEAE dextran [4]. After 24
For stable transfections, the coding sequences of wild-type and
hr, themediumof transfected cells was conditioned for an additional
several Nodal mutants were subcloned into pEF-IRESpac [18] and
24–48 hr in OptiMEM supplemented with 0.25% serum replacement
transfected into HEK-293T cells. Several polyclonal pools of stably
factor (Invitrogen). Supernatant containing recombinant Nodal was
transfected cells were selected for each construct for 3 weeks in
cleared of cell debris by centrifugation, whereas intracellular pro-
the presence of increasing concentrations of puromycin (up to 100
teins and extracellular matrix were solubilized by lysing intact cell
g/ml), to obtain peak levels of Nodal expression. Conditioned me-
monolayers in SDS sample buffer. Anti-Flag M2 (Sigma) and rabbit
dium and cell lysates were analyzed as described above.
anti-Nodal peptide antibodies [4] were used for Western blot analy-
sis. Secondary antibodies conjugated to horseradish peroxidase
were used for enhanced chemiluminescence detection (Amersham), Enzymatic Removal of Carbohydrates
Acetone-precipitated secreted Nodal was treated with N-glycosi-and signals were quantitated within the linear range by densitomet-
ric analysis using NIH image software. To estimate the increase in dase-F or neuraminidase (Roche) for 1 or 3 hr, respectively, at 37C
in the recommended digestion buffer ([pH5.5] sodium phosphateNodal concentrations after inhibiting proteolytic processing (Figures
1A and 1B), the signals in lane 2 elicited by precursor and mature buffer) prior to SDS-PAGE and Western blot analysis.
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Analysis of Cellular Uptake and Nodal Turnover 8. Wakefield, L.M., Smith, D.M., Masui, T., Harris, C.C., and Sporn,
M.B. (1987). Distribution and modulation of the cellular receptorTo monitor the uptake of recombinant Nodal, untransfected COS1
or 293T cells were placed in OptiMEM on ice for 1 hr followed for transforming growth factor-beta. J. Cell Biol. 105, 965–975.
9. Wakefield, L.M., Winokur, T.S., Hollands, R.S., Christopherson,by incubation at 37C with 20-fold concentrated 293T-conditioned
medium containing recombinant mature Nodal at an estimated con- K., Levinson, A.D., and Sporn, M.B. (1990). Recombinant latent
transforming growth factor beta 1 has a longer plasma half-lifecentration of 2–3 g/ml (Figure 1C). To apply recombinant N-glyco-
sylated Nodal (N-g) in comparable amounts, conditioned medium in rats than active transforming growth factor beta 1, and a
different tissue distribution. J. Clin. Invest. 86, 1976–1984.was incubated at only 5-fold concentration after verifying the con-
centration by Western blot analysis. After the given time intervals, 10. Cui, Y., Hackenmiller, R., Berg, L., Jean, F., Nakayama, T.,
Thomas, G., and Christian, J.L. (2001). The activity and signalingcells were washed with PBS to remove unbound protein and subse-
quently lysed for immunoblot analysis. To ensure that recombinant range of mature BMP-4 is regulated by sequential cleavage at
two sites within the prodomain of the precursor. Genes Dev.Nodal is internalized, cells were also washed twice with 150 mM
NaCl and 0.1% acetic acid for 2 min at 4C prior to analysis of cell 15, 2797–2802.
11. Degnin, C., Jean, F., Thomas, G., and Christian, J.L. (2004).lysates. To monitor cellular turnover and recycling into the medium
(Figures 1D and 2E), untransfected cells were first loaded with re- Cleavages within the Prodomain Direct Intracellular Trafficking
and Degradation of Mature BMP-4. Mol. Biol. Cell.combinant Nodal for 1 hr at 37C followed by excessive washing to
remove unbound protein. Upon addition of fresh medium, the level 12. Gray, A.M., and Mason, A.J. (1990). Requirement for activin A
and transforming growth factor-beta 1 pro-regions in homodi-of recombinant Nodal in cell lysates and supernatant was monitored
after the given time intervals to determine if endocytosed Nodal can mer assembly. Science 247, 1328–1330.
13. Gritsman, K., Talbot, W.S., and Schier, A.F. (2000). Nodal signal-be released into the medium.
ing patterns the organizer. Development 127, 921–932.
14. Constam, D.B., and Robertson, E.J. (2000). SPC4/PACE4 regu-Zebrafish Injection Assays
lates a TGFbeta signaling network during axis formation. GenesWild-type and mutant Nodal RNAs were synthesized with SP6
Dev. 14, 1146–1155.RNA polymerase using template cDNAs that were subcloned into
15. Constam, D.B., and Robertson, E.J. (2000). Tissue-specificpSP64T-NE. Injections were carried out as previously described [2].
requirements for the proprotein convertase Furin/SPC1 dur-
ing embryonic turning and heart looping. Development 127,Supplemental Data
245–254.Supplemental Data including two additional figures are available at
16. Vincent, J.P., and Dubois, L. (2002). Morphogen transport alonghttp://www.current-biology.com/cgi/content/full/15/1/31/DC1/.
epithelia, an integrated trafficking problem.Dev. Cell 3, 615–623.
17. Yan, Y.T., Liu, J.J., Luo, Y., E, C., Haltiwanger, R.S., Abate-Shen,Acknowledgments
C., and Shen, M.M. (2002). Dual roles of Cripto as a ligand and
coreceptor in the nodal signaling pathway. Mol. Cell. Biol. 22,We are grateful to Pascal Schneider (University of Lausanne) for
4439–4449.generating construct Nmat. J.A.L.G. is the recipient of a fellowship
18. Hobbs, S., Jitrapakdee, S., and Wallace, J.C. (1998). Develop-(LT00360/2001-M) from the Human Frontiers Science Program.
ment of a bicistronic vector driven by the human polypeptideN.B-H. and D.B.C. are supported by the Swiss National Science
chain elongation factor 1alpha promoter for creation of stableFoundation, grant 3100-062031.00. Y.C. was the Rebecca Ridley
mammalian cell lines that express very high levels of recombi-Kry Fellow of the Cancer Research Fund of the Damon Runyon-
nant proteins. Biochem. Biophys. Res. Commun. 252, 368–372.Walter Winchell Foundation. K.J. was supported by a Jane Coffin
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